Dysbiosis in the vertebrate gut microbiome has been associated with several diseases. However, it is 30 unclear whether particular gut regions or specific time periods during ontogeny are responsible for the 31 development of dysbiosis, especially in non-model organisms. Here we examine the microbiome 32 associated with dysbiosis in different parts of the gastrointestinal tract (ileum, caecum, colon) in a 33 long-lived bird with high juvenile mortality, the ostrich. Individuals that died of gut disease (n=68) 34 had substantially different microbial composition from age-matched controls (n=50) throughout the 35 gut. Several taxa were associated with mortality (Enterobacteriaceae, Peptostreptococcaceae, 36
In this study we utilise the ostrich (Struthio camelus) as a new vertebrate host system to understand 88 patterns of gut dysbiosis and its effect on mortality. Ostriches suffer from exceptionally high and 89
variable mortality rates at rearing facilities during their first three months of age (Verwoerd et al. 90 1999; Cloete et al. 2001) . While the causes of mortality are mostly unknown, several candidate 91 pathogens associated with enterocolitis have been reported, for example Escherichia coli, 92
Campylobacter jejuni, Pseudomonas aeruginosa, Salmonella spp., Klebsiella spp., and multiple 93 Clostridium spp. (Frazier et al. 1993 investigating causes of mortality in ostrich chicks have so far utilized methods involving bacterial 97 culture or species-specific DNA primers. These methods can be useful to detect the presence of 98 targeted microorganisms, but searching for a particular culprit may yield ambiguous answers if 99 pathobionts exist in the normal gut microbiota of the host and only exhibit pathogenic tendencies 100 when the community is disturbed (Chow et al. 2011) . In addition to a high mortality rate, ostriches 101
Results and discussion
119 120
Mortality and dysbiosis in different gut regions across ontogeny 121
Mortality of juvenile ostriches occurred throughout the entire 12-week period but was highest 122 between four and eight weeks of age, with a peak at six weeks of age ( Figure 1b ). Individuals with 123 disease followed the growth curve of all other individuals, but rapidly dropped in weight prior to 124 death (Figure 1c-d) . The cause of the weight reduction is unknown, but diseased individuals were 125 observed to stop eating and drinking, and in some cases suffered from diarrhoea, so dehydration and 126 wasting are likely explanations. In total, 40% of all chicks died (excluding controls) and post-mortems 127 of diseased and control individuals revealed that mortality was associated with extensive 128 inflammation of the gastrointestinal tract ( Figure 1e ; Figure S1 ). The gut inflammation scores of 129 diseased individuals (mean ± SD for ileum = 4.1 ± 1.0, caecum = 3.0 ± 1.3, colon = 3.0 ± 1.2) were 130 substantially higher than those of control individuals (ileum = 1.4 ± 1.0 , caecum = 1.0 ± 0.29, colon = 131
1.1 ± 0.45) ( Figure S1 ). 132
133
The structure of the microbiota was extremely different between diseased and control individuals in 134 all three gut regions (Figure 2, Figure S2 , Table 1 ). Specifically, we found significant differences in 135 the microbial community distances between diseased and control individuals using both Bray-Curtis 136 (BC) and weighted UniFrac (wUF) measures, controlling for age, sex, group, and time since death 137 (Table 1) . However, the magnitude of the differences between diseased and control individuals, 138 measured with Bray-Curtis, decreased from the small intestine to the lower gut (ileum-caecum-colon); 139 whereas the weighted UniFrac measures showed the opposite pattern, increasing in strength from the 140 ileum to the colon (Table 1) . The diseased individuals were more similar to each other in the ileal 141 microbiome than the controls were to each other when using Bray-Curtis, but not weighted UniFrac 142 distances (BC Multivariate homogeneity test of group dispersion (betadisper): F1, 99 = 13.9, p = 143 0.0003. wUF betadisper: F1, 99 = 0.6, p = 0.46) ( Figures S3-S4 ). In contrast, the opposite was true for 144 the caecum and colon (BC caecum betadisper: F1, 105 = 0.08, p = 0.79. BC colon betadisper: F1, 106 = 145 1.3, p = 0.25. wUF caecum betadisper: F1, 105 = 11.2, p = 0.001. wUF colon betadisper: F1, 106 = 11.4, p 146 = 0.001) ( Figure S3 ). These results indicate that the bacterial composition differed the most between 147 diseased and control individuals in the ileum, but that the colon displayed the most phylogenetically 148 distinct groups. Sex, group, and time since death had no significant effects on the microbiome in any 149 of the gut regions using either of the distance measures (Table 1) . 150 151 152
Alpha diversity and age-specific dysbiosis 153
The microbial alpha diversity of diseased individuals was greatly reduced in all three gut regions in 154 comparison to controls (GLM: ileum F1, 99 = 56.7, p = 2.5e-11; caecum F1, 105 = 16.1, p = 0.0001; 155 colon F1, 106 = 61.5, p = 3.9e-12), controlling for age ( Figure 3 ). These differences became less 156 pronounced with age in the caecum and colon, but were consistent in the ileum regardless of age 157 (GLM: ileum F1, 97 = 0.0001, p = 0.99; caecum F1, 103 = 10.2, p = 0.002; colon F1, 104 = 9.1, p = 0.003) 158 (Table 1; Figure 3 ). Age had little effect on the development of the microbiome in the ileum even in 159 healthy individuals (GLM: F1, 98 = 1.4, p = 0.23), whereas further down in the gut, diversity increased 160 with age (caecum F1, 104 = 32.7, p = 1.0e-07: colon F1, 105 = 39.7, p = 7.2e-09; Figure 3 ). These results 161 demonstrate that the microbial differences in diseased individuals are persistent across ages in the 162 small intestine, but in the lower gastrointestinal tract these differences gradually diminish as the 163 microbiome matures (see also Videvall et al. 2019) . to Clostridia, including Ruminococcaceae, various Clostridium spp., and Epulopiscium, but also 201 Bacteroides, Escherichia, and Bilophila wadsworthia (Table S1) . colon, as 50 out of 56 (89%) OTUs that were more abundant in the diseased colon samples were also 219 more abundant in the diseased caecal samples ( Figure 5 ; Tables S2-S3 ). In addition, 15 out of these 220
OTUs (39%) were also significantly overrepresented in the ileum (Table S1 ). The most significant 221 OTU in the caecum (q = 1.2e-53) and colon (q = 2.4e-56) was absent in control individuals but 222 abundant in diseased individuals (Tables S2-S3 ). This OTU, which was also highly significant in the 223 ileum (q = 3.4e-21), had a 100% match against Clostridium paraputrificum, a known human pathogen 224 associated with sepsis and necrotizing enterocolitis (Brook & Gluck 1980; Shandera et al. 1988 ; Enterobacteriaceae, the majority of all significant OTUs were also present in some control 239 individuals, albeit at much lower abundances (Tables S2-S3) . 240 241 242
Taxa associated with health 243
The ilea of diseased individuals showed large reductions of certain bacteria compared to controls 244 ( Figure 4) , mainly Bacilli, a class in which Turicibacteraceae and Lactobacillaceae were the most 245 common families. Turicibacteraceae included two significant OTUs from Turicibacter (Table S1) , 246 which showed decreased abundances in the diseased ileum. Turicibacter has previously been shown 247
to have high heritability in the small intestines of humans and mice where it is in direct contact with 248 host cells, suggesting that it is symbiotic (Goodrich et al. 2016). This genus has been associated with 249 both health and disease, but is often found to be depleted in animals with diarrhoea and gut disease 250 
Disruption of the gut microbiota in the weeks preceding death 278
To establish whether dysbiosis occurs immediately before death or results from imbalances emerging 279 earlier in life, we examined the microbiota of faecal samples repeatedly collected prior to mortality. 280
We found that survival up to four weeks of age was not related to alpha or phylogenetic diversity 281 earlier in life (Table S4 ). However, mortality after six weeks was related to alpha and phylogenetic 282 diversity when chicks were two to four weeks old. Higher alpha diversity at week two was positively 283 related to survival beyond six weeks of age ( Figure S6 ; Table S4 ). Conversely, higher alpha diversity 284 at four weeks of age and higher phylogenetic diversity at ages two to four weeks were associated with 285 an increased risk of mortality ( Figure S6 ; Table S4 ). These results suggest that individuals with low 286 alpha diversity at two weeks of age were susceptible to colonisation of distinct phylogenetic groups of 287 bacteria, which increased the risk of mortality in the subsequent weeks. 288
289
Next, we examined if the abundances of bacterial families that differed between diseased and control 290 individuals could predict patterns of future mortality in the weeks leading up to death. There was only 291 weak evidence for any beneficial effects of bacteria with Lactobacillaceae abundance at week two and 292
Turicibacteraceae at week four having a tendency to positively influence survival ( Figure S7 ; Table  293 S4). However, there were very strong associations between the abundance of Peptostreptococcaceae 294 and S24-7 during the first week of life and mortality at all subsequent ages, even after controlling for 295 the abundances of these bacterial families at later ages ( Figure 6 ; Table S4 ). This result strongly 296 suggests that the time immediately after hatching is a critical period for the establishment of specific 297 pathobionts that can increase the risk of mortality even months later. 298 299 300
Environmental sources of gut bacteria 301
Finally, we evaluated potential environmental sources of microbes present in the gut using 302
SourceTracker. There was essentially no contribution from the water supply (0.1-0.4%) or from the 303 soil (0.2-0.7%) to the gut microbiota of either diseased or control individuals (Figure 7) . Instead, the 304 majority of gut bacteria were from unknown sources (89.9%). The microbial sequences of the chicks' 305 food did overlap with some of the OTUs found in the ileum and colon, but predominantly in control 306 individuals (Figure 7) . It is likely that healthy juveniles ate more than sick individuals, and therefore 307 apparently acquired a greater proportion of food-related microbes. These findings indicate that 308 contaminated food or water were not a major source of the bacteria associated with mortality, further 309 supporting the idea that dysbiosis develops from taxa already present in the gut, rather than through 310 acquisition of new taxa. 311 312 313
Conclusions 314
Our study shows that severe gut bacterial community disruption is linked to high levels of mortality in 315 developing ostrich chicks. Large-scale shifts in taxon composition, low alpha diversity, and multiple 316 differentially abundant OTUs underlie the dysbiosis pattern seen in diseased individuals. Several taxa 317 associated with disease were disproportionally proliferated in the ileum, caecum, and colon (e.g. 318
Enterobacteriaceae, Peptostreptococcaceae, Porphyromonadaceae, Clostridium, Paeniclostridium) 319
whereas other taxa were associated with health (e.g. S24-7, Lachnospiraceae including Roseburia, 320
Coprococcus, and Blautia, Ruminococcaceae, Erysipelotrichaceae, and Turicibacter). Dysbiosis was 321 particularly pronounced in the ileum and in individuals that died at early ages, showing that 322 disruptions to gut microbiota develop in a distinct spatial and temporal manner. The establishment of 323 some of the pathogenic bacteria occurred during the initial period after hatching, which predicted 324 patterns of mortality several weeks later. Yet the environment did not show any evidence of 325 pathogenic sources. One striking feature of the dysbiosis we observed is that many of the implicated 326 harmful and beneficial bacteria have been found to have similar effects in a diverse set of vertebrate 327 hosts including humans. This suggests that there is a high degree of evolutionary convergence across 328 some host-microbe associations and that studies on different vertebrate species may contribute to a 329 general understanding of gut dysbiosis. 
Sample collection 349
A total of 68 individuals died of suspected gut disease during the first three months of age, which we 350 have referred to throughout the text as "diseased". Multiple chicks exhibited characteristic behaviour 351 of sickness shortly before dying (poor appetite, inactivity, listlessness, depressed posture). All 352 individuals that died were dissected. Additionally, ten chicks (2-3 individuals from each group) were 353 randomly selected for euthanization and dissection at 2, 4, 6, 8, 10, and 12 weeks of age, to act as age- severe inflammation. Twenty-three measures (7%) were given a score of NA because it was not 372 possible to assess the inflammation (e.g. gut region not properly visible) (Table S5) . Microbial communities were characterized using Illumina MiSeq sequencing to identify the V3 and 379 V4 regions of the 16S rRNA gene. For full details please see Videvall et al. (2017 Videvall et al. ( , 2018 . We 380 sequenced a total of 323 ileum, caecum, and colon samples from all individuals that died (n = 68) and 381 all euthanized (control) individuals at 2, 4, 6, 8, and 12 weeks of age (n = 50 in total; ten individuals 382 per week). We additionally sequenced 460 faecal samples (Videvall et al. 2019) , 24 environmental 383 samples (food, water, soil), and 4 negative samples (blanks) (Table S5) . (Wang et al. 2007 ). For further details, please see Videvall et al. (2019) . We removed 391
all OTUs that were either classified as mitochondria or chloroplast, present in the negative samples, 392 only appeared in one sample, or with a total sequence count of less than 10. These filtering steps 393
together removed approximately 27,000 OTUs, with 5118 remaining for analyses. We further filtered 394 out all samples with a total sequence count of less than 500, resulting in seven ileal and three 395 environmental samples being excluded. 396 397 398
Data analyses 399
All statistical analyses were performed in R (v. 3.3.2) (R Core Team 2017) and all plots were made 400 using ggplot2 (Wickham 2009 . These models examine whether explanatory variables are associated with a greater risk (beta 423 coefficient >1) or lower risk (beta coefficient < 1) of mortality. Separate models were fitted for each 424 measure of diversity and each bacterial family, for samples collected at 1, 2, 4, and 6 weeks of age 425 and included as explanatory variables. These earlier ages were examined as they had enough mortality 426 data following these time points to estimate effects on survival. Because individuals that died very 427 early in life had missing data for later time points, it was not possible to include all explanatory 428 variables simultaneously without restricting the data to individuals that survived past week 6. 429 Therefore, measures from each age were sequentially entered into models in a chronological order 430 (e.g. week 1 followed by week 1 & 2). By doing this we were able to test how microbiome features at 431
week 1 predicted survival past week 1, how microbiome features at week 2 after controlling for any 432 differences at week 1 predicted survival past week 2, and so forth. 
